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Edited by Christian GriesingerAbstract The WWmodule of the peptidyl-prolyl cis/trans isom-
erase Pin1 targets speciﬁcally phosphorylated proteins involved
in the cell cycle through the recognition of phospho-Thr(Ser)-
Pro motifs. When the microtubule-associated Tau protein be-
comes hyperphosphorylated, it equally becomes a substrate for
Pin1, with two recognition sites described around the phosphor-
ylated Thr212 and Thr231. The Pin1 WW domain binds both
sites with moderate aﬃnity, but only the Thr212–Pro213 bond
is isomerized by the catalytic domain of Pin1. We show here
that, in a peptide carrying a single recognition site, the WW
module increases signiﬁcantly the enzymatic isomerase activity
of Pin1. However, with addition of a second recognition motif,
the aﬃnity of both the WW and catalytic domain for the sub-
strate increases, but the isomerization eﬃcacy decreases. We
therefore conclude that the WW domain can act as a negative
regulator of enzymatic activity when multiple phosphorylation
is present, thereby suggesting a subtle mechanism of its func-
tional regulation.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
Keywords: NMR exchange spectroscopy; Tau protein; Pin1;
WW binding module; Peptidyl-prolyl cis/trans isomerase1. Introduction
Pin1, a prolyl cis/trans isomerase (PPIase) from the parvulin
family [1,2], is essential for the correct progression of the cell
cycle. Composed of an N-terminal protein–protein interaction
module under the form of a short WW domain, and a C-termi-
nal catalytic domain [3], the protein was found to interact via
one or more phospho-threonine(serine)-proline dipeptide
(phospho-Thr(Ser)-Pro) motifs with a large number of cell cy-
cle regulators such as CDC25 [4,5], Cyclin D1 [6], Wee1 or
Myt1 [7], and equally with other proteins such as c-Jun, b-cate-Abbreviations: PPIase, peptidyl-prolyl cis/trans isomerase; phospho-
Thr(Ser)-Pro, phospho-threonine(serine)-proline dipeptide; RP-HPLC,
reverse phase-high pressure liquid chromatography; Pin1CAT, isolated
Pin1 catalytic domain; Bn, benzyl; TFA, triﬂuoroacetic acid; EXSY,
exchange spectroscopy
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through the cell cycle [8]. Whereas the precise mode of action
of Pin1 still remains to be determined, two main mechanisms
seem to exist. In the ﬁrst mode, exempliﬁed by its interaction
with c-Jun, p53 or b-catenin, the interaction with Pin1 prevents
degradation pathways and hence stabilizes the protein sub-
strate [9–14]. Alternatively, with CDC25 being an example,
Pin1 interacts with the regulatory unstructured part of the pro-
tein, and isomerization catalysis is thought to regulate the
(de)phosphorylation of speciﬁc phospho-Thr-Pro motifs
through the trans-speciﬁc PP2A phosphatase [15,16].
The recently described interaction between Pin1 and Tau, a
neuronal microtubule associated protein that aggregates into
Paired Helical Fragments in Alzheimers diseased neurons,
can be classiﬁed as the second type of interaction [15,17]. Aber-
rant reactivation of mitotic mechanisms leading to Tau phos-
phorylation and the generation of MPM-2 epitopes might be
the link between this interaction with a cytoskeletal protein
and the general role of Pin1 in the cell cycle [18,19]. However,
because Tau in the tangles is in a hyperphosphorylated state,
the initial description of a unique interaction site (pThr231–
Pro232) was quite amazing [17]. We recently showed that other
motifs, including the pThr212–Pro213 dipeptide that together
with pSer214 forms the Alzheimers disease speciﬁc AT100 epi-
tope, equally can be targets for Pin1 [20]. In this latter study,
we found that under identical experimental conditions, the
WW domain has an even higher aﬃnity for the motif around
Thr212 than for the pThr231–Pro232 site. Equally, because
the pThr212–Pro213 bond in the peptide can be found in the
cis form in close to 10% of the peptides, we were able to ob-
serve the cis/trans isomerase activity of the catalytic domain
[20]. Whereas this study challenged the unicity of the interac-
tion, it still did not answer how the two domains of Pin1 inter-
act in the case of the multiply phosphorylated substrate that
Pin1 probably encounters in a cellular context. The aim of
the present paper is to investigate this interaction for a 40 ami-
no acid peptide of Tau that spans both pThr212 and pThr231
sites. Both binding to the WW domain and catalytic activity
have been assessed, using the shorter peptides as independent
controls. Whereas the binding event seems mainly independent
of the presence of multiply phosphorylated sites, the catalytic
activity of Pin1 seems subject to a more subtle regulation.
The presence of the WW domain indeed stimulates the cata-
lytic activity in the case of a mono-phosphorylated peptide,
but negatively regulates this same activity in the case of a mul-
tiply phosphorylated target.ation of European Biochemical Societies.
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2.1. Peptide synthesis and puriﬁcation
The peptides were synthesized on a continuous ﬂow synthesizer (Pio-
neer) using the classical Fmoc temporary-protection strategy. Selective
phosphorylations were introduced by using Fmoc-Thr/Ser(PO(OB-
n)OH)-OH building blocks (Novabiochem). Cleavage of the pepti-
dyl-resin and side chain protections was performed with a
triﬂuoroacetic acid (TFA) solution containing 2.5% of triisopropylsi-
lane and 2.5% of water. Puriﬁcation of the crude peptide was realized
by reverse phase-high pressure liquid chromatography (RP-HPLC) on
a C18 nucleosil column equilibrated in 0.05% TFA aqueous solution.
The peptides were eluted with a linear gradient of acetonitrile
(0–40% acetonitrile in 40 min) at 6 mL/min. Homogeneity of fractions
was analysed by RP-HPLC and matrix-absorption laser desorption
ionization-time of ﬂight mass spectrometry.
2.2. Protein expression and puriﬁcation
Pin1 protein and Pin1WW isolated domain with a N-terminal histi-
dine-tag fusion were produced in Escherichia coli BL21(DE3) strain,
carrying the recombinant Pin1-pET15b plasmid (Novagen). The iso-
lated Pin1 catalytic domain (Pin1CAT) with a N-terminal GST fusion
protein was produced in the same strain carrying the recombinant
Pin1CAT-pGEX6P plasmid (GE Healthcare). The recombinant pro-
teins were produced as described [20].
2.3. NMR spectroscopy: peptide assignment, binding studies and
exchange spectroscopy
NMR experiments were performed at 293 K on a Bruker DMX600
spectrometer (Bruker, Karlsruhe, Germany) equipped with a cryogenic
probehead. Standard total correlation spectroscopy and nuclear over-
hauser eﬀect spectroscopy experiments, with, respectively, 60 and 400
ms mixing times were obtained with 2 mM peptide solutions in 50
mM deuterated Tris, pH 6.4 (Cambridge Isotope Laboratories), 100
mM NaCl buﬀer at 293 K. For the titration experiments, 15N-labeled
Pin1 1H–15N HSQC spectra were recorded on a 200 lM protein sample
in 50 mM deuterated Tris, pH 6.4, 100 mM NaCl and 5 mM dithio-
threitol/EDTA at the same temperature. The solution of Pin1 was
added to the appropriate amounts of lyophilized peptide aliquots.
Chemical shift variations of Pin1 residues upon increase in Tau peptide
concentration were used to determine the dissociation constant value
for each peptide. Proton and nitrogen chemical shift variations were
averaged to obtain a global Dd value (Eq. (1)).
DdðppmÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ddð1HÞ2 þ 0.2Ddð15NÞ2
q
ð1Þ
1H–1H exchange spectroscopy (EXSY) spectra were recorded at vari-
ous mixing time (50, 100, 200, 300, 400 ms) on Tau peptides at 3.33
mM concentration in a 25 mM deuterated Tris pH 6.4/50 mM NaCl/
D2O buﬀer, in the presence of 0.033 mM (1%) Pin1 or Pin1
CAT. The
exchange peak related to Pro213 Ha cis/Ha trans interconversion
and NOE peak corresponding to Pro213 Ha cis/pThr212 Hb are super-
imposed (Fig. 2). However, because the latter NOE peak is very weak
(as can be seen for the equivalent Pro232 Ha cis/pThr231 Hb NOE
cross peak in Fig. 2), its contribution was neglected, and both peaks
were integrated together. The exchange rate kexch (s
1) was calculated
by ﬁtting the theoretical curve given by Eq. (2) [21] to the experimental
data.Table 1
Sequences of synthesized peptides of Tau protein, dissociation constant of Pi
Pro213 and/or Pro232 following the phosphoThr residue. Numbers in the ﬁrs
(between brackets) and the position of the phosphorylation site (pT or pS f
Peptide Phosphorylation sites Sequence
[208–221] pT212/pS214 S R S R pT P pS L P T P P
[224–240] pT231 K K V A V V R pT P P K S
[201–240] pT212/pS214/pT231 G S P G T P G S R S R pT
R E P K K V A V V R pT P%½cis ! trans ¼ a 1 expðð1þ 1=aÞkexch MTÞ
1þ expðð1þ 1=aÞkexch MTÞ ð2Þ
where % [cisﬁ trans], expressed as the volume of the exchange cross
peak to the diagonal peak, corresponds to the fraction of molecules
that undergoes from cis to trans conformation during the mixing time
(MT), and a is the excess of trans over cis forms, determined on the ba-
sis of the integrated values of Table 1.3. Results and discussion
3.1. Conformational characterization of the Tau [201–240]
peptide
This peptide spans both Tau [208–221] and [224–240] pep-
tides (Table 1), investigated in a previous study [20]. The solu-
tion structure of the long peptide was veriﬁed by high
resolution NMR, in order to ascertain that extending the pep-
tide chain to 40 residues did not alter the secondary structure
encountered in both individual [208–221] and [224–240] pep-
tides, and also to evaluate the distribution of proline confor-
mational states. The good agreement of chemical shift
patterns, both at the level of the amide and aliphatic protons,
demonstrates that the large peptide can be considered as the
independent union of both small peptides that compose it
(see Figure S1 in Supplementary Materials). For the major
fully trans conformation, only very weak chemical shift
changes are observed for HN and Ha protons, except for the
S208, R209, T220, R221, K224 and K225 residues. These res-
onances are the two N- or C-terminal residues of the short pep-
tides, and are as such submitted to a ‘‘border eﬀect’’ due to
modiﬁcation of their chemical environment. Because the
experimental pH (pH 6.4) is close to the pKa value of phos-
pho-residues ðpKpT231a ¼ 5.9Þ small diﬀerences in pH could
potentially aﬀect resonances of phospho-residues. The small
chemical shift change observed for the phosphorylated T231
amide and aliphatic protons and not for surrounding residues
therefore was ascribed to a small pH variation between this
sample and the one containing the long peptide. Absence of
HN–HN or other long-range NOE contacts, as well as average
HN–Ha J coupling values, further indicated that this long pep-
tide, similarly to the shorter ones, does not adopt a stable
structure in solution. Some minority forms corresponding to
peptides containing at least one Pro in cis conformation can
equally be observed in the spectrum of the long peptide, and
seem conserved upon peptide elongation. In the aliphatic re-
gion of the 2D spectra (Fig. 2), we can distinguish particularly
the cis forms of P213 and P232, whose integration of Ha pro-
tons were used to estimate the percentages of both conformers
(Table 1).n1 binding and proportion of cis conformations in each peptide for the
t column indicates the ﬁrst and the last residue of each peptide sequence
or phospho-Thr and phospho-Ser)
KD (lM) % cis conformation
Pro213 Pro232
T R 160 10 –
P S S A K 380 – 3
P pS L P T P P T 70 5 4
P K S P S S A K
C. Smet et al. / FEBS Letters 579 (2005) 4159–4164 41613.2. Characterizing the complex formed by Pin1 and the Tau
[201–240] peptide
Similarly as for the shorter peptides, the majority of the
chemical shift perturbations when titrating the long peptide
into a solution of full-length Pin1 enzyme were observed for
residues of its WW domain, although chemical shift changes
were equally detected for residues in the catalytic loop or at
the interface of both domains (Fig. 1). In the spectral zoom
of Fig. 1, the resonance of the Phe25 residue of the WW do-
main, the Ser115 residue in the active site of the isomerization
domain, and the Ser147 residue that is at the interface between
the WW and catalytic domain all are aﬀected by the interac-
tion with the peptide. For the Phe25 residue, the chemical shift
variations induced by increasing amounts of peptide go in dif-
ferent directions when the pThr231 or the pThr212 peptide
interact. With the long peptide, however, we obtain an inter-
mediate shift, indicating that both phosphorylated residues
can interact (Fig. 1, upper panel).
As for the catalytic domain, the short pThr231 peptide only
interacts very weakly. Indeed, even at a 10-fold excess of li-
gand, we only observe a slight broadening of the catalytic res-
idues, without any signiﬁcant shift (see Ser115 in the upper left
panel of Fig. 1). On the contrary, the pThr212/pSer214 peptide
does interact with the catalytic domain, although with a lower
aﬃnity than with the WW domain, as even a 10-fold excessFig. 1. (Top) Details of the HSQC spectra of 15N-labeled Pin1 without (black
with a constant concentration of 0.2 mM Pin1 enzyme. Peptide substrates ar
pThr212/pSer214 (middle) or the long [201–240] peptide containing the pThr2
the three peptides along the Pin1 primary sequence.does not drive the system into saturation (see Ser115 in the
upper middle panel of Fig. 1). From this chemical shift varia-
tion, we have derived a dissociation constant of 3.3 mM. For
the long peptide, the shifts, although not as pronounced as
for the pThr212/pSer214 peptide, go in the same direction,
indicating a similar interaction with the pThr212, but the inter-
action is 4-fold stronger with a derived KD of 0.8 mM.
As for the interface between both domains, our results con-
ﬁrm the observation by Jacobs et al. that the nature of the pep-
tide inﬂuences the interface. Indeed, whereas we do not see any
chemical shift changes for the interfacial Ser147 when titrating
in the pThr231 peptide, the same residue shifts in a very similar
manner when the pThr212/pSer214 peptide is present, be it on
the short or the long peptide.
The pThr212/pSer214 and pThr231 sites when considered on
individual short peptides bind the WW domain with dissocia-
tion constant values of 160 and 380 lM, respectively [20]. In
the same way, the dissociation constant of the long peptide
was evaluated to 70 lM (Table 1). Because the obtained values
are still of the same order of magnitude, it suggests that the in-
creased pool of phospho-epitopes carried by the long peptide
leads to an apparently increased aﬃnity of the WW domain
for the long peptide, but equally allows to conclude to the
absence of a truly positive cooperation between both Pin1
domains for substrate binding.), with a 3:1 excess of peptide (violet) and a 10:1 excess of peptide (red),
e [224–240] centered around pThr231 (left), [208–221] centered around
12/pSer214/pThr231 epitopes (right). (Bottom) Chemical shift maps of
Table 2
Exchange rates corresponding with the cisﬁ trans isomerization, as
measured from the EXSY spectra in the presence of full-length Pin1 or
the sole catalytic domain (Pin1CAT)
Peptide kexch
Pin1 (s1) Pin1CAT (s1)
[208–221] 0.8 0.1
[208–221] + [224–240] 0.5 –
[201–240] 0.3 0.06
4162 C. Smet et al. / FEBS Letters 579 (2005) 4159–41643.3. Positive role of the WW domain in Pin1 catalytic activity on
a short peptide substrate
Catalytic activities of Pin1 and Pin1CAT were evaluated with
1H–1H EXSY NMR experiments by integration of the Ha ex-
change peak related to P213 cis/trans isomerization as a func-
tion of mixing time (Fig. 2 and Table 2) [22]. No PPIase
activity was however measured for phosphoThr231–Pro232
bond, possibly because the smaller population of the cis con-
former in the small peptide [23] prevents detection by NMR.
In the case of the small [208–221] peptide carrying a single
recognition motif, cis/trans isomerization catalysis proved to
be more eﬃcient in presence of the WW domain since the ex-
change rate is 8 times higher for full-length Pin1 (kexch = 0.8
s1) than for Pin1CAT (Fig. 3). Interestingly, in the case of
the ﬁrst plant Pin1 homologue isolated from Arabidopsis thali-
ana [24] where the WW domain is absent, we had found that
the sole catalytic domain of this enzyme, be it towards another
peptide substrate, had a catalytic activity that was of the same
order (kexch = 1 s
1) as found here for the intact human Pin1
protein, and therefore 10-fold higher than for the isolated cat-
alytic domain of human Pin1. At the molecular level, it indi-
cates a positive role of the WW domain on the human Pin1
function, and supports cellular data that have shown the essen-
tial biological role of the interaction module in vivo [4,25]. The
Pin1 WW module could be implicated in anchoring Pin1 to its
substrate to increase the local concentration of enzyme around
the substrate molecule, although we cannot exclude that cross
talk between both domains leads to an enhanced isomerase
activity of the catalytic domain. Indeed, although both Pin1
domains interact only weakly together in solution [26], the rel-
ative inter-domain ﬂexibility was found to be substrate-depen-Fig. 2. Detail of the 400 ms 1H–1H EXSY spectrum on the [201–240]
large peptide at 3.33 mM in 100% D2O in presence of 1% Pin1. The
trans (annotated by t) and cis (annotated by c) Ha are assigned for
Pro213, Pro218 and Pro232. The NOE correlation peaks between cis
Pro Ha and Ha/Hb of pThr212, Thr217 and pThr232 is indicated in
italic as well as cis Pro Ha and Hd1/Hd2 of Pro 219 and Pro233 for Pro
218 and Pro232, respectively. Exchange peak between cis Pro213 Ha
and trans Pro213 Ha is circled. The corresponding exchange cross peak
for Pro232 is not observed, as indicated by a dashed circle.
Fig. 3. Build up curves of the normalized exchange cross peaks of the
Pro213 Ha proton between the trans and cis forms in the EXSY series.
(Top) Measure of catalytic activity of Pin1 on the [208–221] small
peptide (n), on the [201–240] large peptide (m) or on an equimolar mix
of both [208–221] and [224–240] small peptides (s). (Bottom)
Exchange curves with the sole catalytic domain on the [208–221] small
peptide (d), or on the [201–240] large peptide (¤). Theoretical curves
were derived from a ﬁt of Eq. (2) to the experimental data points, with
the derived exchange constants listed in Table 2.dant [27]. In agreement with this latter observation, we observe
more pronounced chemical shift perturbations at the domain-
domain interface with the small peptide di-phosphorylated at
Thr212 and Ser214 than for the peptides mono-phosphory-
lated at Thr231 (Fig. 1, lower panel) or Thr212 (data not
shown).
3.4. Role of the WW domain in enzymatic regulation on a
multi-phosphorylated substrate
Introduction of a second Pin1 binding site at the Thr231 po-
sition in the 40-residue peptide induces a remarkable eﬀect on
Pin1 catalytic activity. Indeed, the addition of the pThr231 site
results in a signiﬁcant decrease of Pin1 cis/trans isomerase
activity around the phosphoThr212–Pro213 bond (illustrated
by a plain circled peak, Fig. 2), as measured by EXSY spec-
troscopy with the long peptide as substrate. The deduced ex-
change rate (kexch = 0.3 s
1) is 3-fold lower than that
measured for the same motif on the shorter peptide (Fig. 3,
upper panel). Despite comparable populations of cis conform-
ers (Table 1) for the Pro213 and Pro232 motifs, we did not de-
C. Smet et al. / FEBS Letters 579 (2005) 4159–4164 4163tect any catalysis around the phosphoThr231–Pro232 bond in
the long peptide (that should be present at the location of the
dotted circle in Fig. 2). Still, the diminished isomerase activity
around the Thr212–Pro213 bond in the long peptide demon-
strates that the phosphoThr231 site intrinsically interferes with
the isomerase activity of the enzyme on the other site, probably
through the enhancement of the binding that we described pre-
viously.
As a ﬁrst control, we measured the Pin1 catalysis when
both pThr231 and pThr212/pS214 sites are located on two
diﬀerent peptide chains, by performing the same EXSY
experiment on an equimolar mixture of both short peptides.
We observed an intermediate isomerase activity (kexch = 0.5
s1) around the pThr212–Pro213 bond. The independent
interaction of the pThr231–Pro232 peptide with the WW
or catalytic domain might well decrease the available con-
centration of active Pin1 enzyme, but because isomerase
activity is characterized by a further signiﬁcant decrease
when both sites are located on the same peptide chain
(Fig. 3, upper panel), we conclude to a negative cooperativ-
ity of both sites when they are both phosphorylated on the
same peptide chain.
As a second control, we evaluated the isomerase activity of
the sole Pin1CAT catalytic domain on the long peptide. The cat-
alytic activity, already low on the isolated pThr212–Pro213
bond, further dropped to an exchange rate of 0.06 s1 for
the cis/trans isomerization of the same bond in the long peptide
substrate (Fig. 3, lower panel). In absolute terms, however, this
change is much less signiﬁcant than the one observed with the
full-length Pin1, supporting a dominant role for the WW do-
main in mediating the cooperativity between both phosphory-
lation sites. A third control, where we have measured the
isomerization activity of Pin1CAT in presence of an equimolar
amount of WW domain on the short [208–221] di-phosphory-
lated peptide, reinforce this hypothesis. The catalysis of
Pin1CAT in these conditions was as low as for Pin1CAT alone
(data not shown) suggesting a cooperative role of both Pin1
domains to ensure the catalysis.4. Conclusion
Our data show that at the level of a single phosphorylation
site, the Pin1 WW domain acts by targeting the enzymatic do-
main to its substrate, thereby increasing the eﬃciency of isom-
erization catalysis. However, in the context of a multiple
binding sites on the same target as probably is the case in a cel-
lular context, the mode of action is more complex. Adding a
second phosphate moiety at the Thr231 position was found
to increase the aﬃnity of the ligand for Pin1, but to inhibit
the isomerization activity around pThr212/pSer214 bond. This
suggests a negative role for the WW binding module on the
catalytic activity in a multi-phosphorylated substrate. Further
research will be needed to assess its function in the context of
an intact protein substrate.Acknowledgements: The authors thank G. Montagne, H. Drobecq and
E. Diesis for their technical contribution to this work. The 600 MHz
facility used in this study was funded by the Re´gion Nord-Pas de Ca-
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